shows that caffeine behaves similarly to tryptophan in giving up an electron when complexing with riboflavin. This gives good evidence of the electron-donor properties of this purine.
INTRODUCTION
Although most biochemists, physiologists, and pharmacologists believe that hormones as well as many drugs act on cells by combining with specific receptors, this "receptor concept" has never enjoyed more than circumstantial support. The existence of receptors has been postulated from indirect evidence, such as the actions of certain drugs which more or less specifically antagonize the effects of a given hormone on -living tissues. Also, the receptor hypothesis offers a simpler picture and one more readily understood than certain others which have been put forward to account for the facts. Nevertheless, no one has ever had a hormonal receptor in solution or isolated as a pure chemical compound. This inability to isolate, or even to assay for' receptors has led to a growing disbelief in their existence, so that professors of pharmacology are occasionally heard to maintain that receptors are only figments of the imagination. If a way could be found to test for a receptor in vitro without resort to an organized cell or tissue, the general concept would receive much needed support, and it would become possible to isolate in pure form and to define chemically these somewhat nebulous structures.
Recent findings about the mode of action of the hormone serotonin2 have allowed the development of an assay procedure for a substance which can be extracted from animal tissues and which seems to act in such a way as to suggest that it may be a serotonin receptor, or a piece of it. Serotonin causes muscles to contract. It likewise exerts an effect on the central nervous system,3' 4 causing, among other things, certain kinds of cells in the brain to contract.3 Starting with the idea put forward by Csapo0 to explain the actions of oxytocin and certain other hormones on the uterus, Woolley2 evolved the idea that serotonin may cause smooth muscles (and certain brain cells) to contract by "opening a special valve for the transport of calcium ions through the lipoidal membrane of the muscle cells." Some experimental evidence in support of such a view was produced. According to these ideas, then, the principal factor which makes the muscle contract would be the flux of Ca++ into the actomyosin plus adenosine triphosphate within the BIOCHEMISTRY: D. W. WOOLLEY muscle cell. Serotonin and the other hormones which cause contractions would be pictured as doing so because they cause this flow of Ca++. Because the cell membrane is believed to be largely lipoidal and because ionized calcium is not soluble in fats, these ions can pass into the cell only by "leakage" through the nonlipoidal part of the membrane or by some sort of active transport. Woolley conceived of this active transport as occurring in several ways. One of these was for serotonin to combine with a constituent of the cell membrane and the complex so formed to form a fat-soluble calcium salt or chelate. When this complex diffused through the lipid membrane to the interior side, an enzyme was pictured as being present to act upon and cleave some grouping from it, whereupon the complex would disintegrate, liberating Ca++, and serotonin. O-ther hormones, such as acetylcholine, could be pictured as combining with other specific membranal substances and with Ca++ to provide other, but similar, means of getting these ions inside the muscle cell.
If this concept is valid, then it should be possible to extract from muscle cells a lipid with the following unique properties. It should cause serotonin to join with it and become soluble in fat solvents in the presence of calcium ions and at physiological pH. Serotonin itself is not extractable into fat solvents either in the presence or in the absence of calcium ions. Consequently, one should be able to test for such a substance in extracts of muscle merely by shaking the substance in a suitable fat solvent with an aqueous solution of serotonin and Ca++ at pH 7-8. Determination of the amount of serotonin which passes into the fat solvent should provide a quantitative, as well as a qualitative, measure of the substance. This is the basis of the work to be described in this paper. Debate about whether this is a piece of the serotonin receptor of smooth muscle will be reserved for the discussion section. For the sake of brevity, however, the substance which can be extracted from certain tissues and which makes serotonin become soluble in fat solvents will be called "receptor substance" in the experimental part of this paper. EXPERIMENTAL Extraction Methods.-Two methods for extraction of the receptor substance from tissues have been found successful. (a) Immediately after death of an animal the tissue to be examined was excised and cut with sharp scissors into pieces about 1 mm. to a side. As these were cut, they were allowed to fall into a mixture of 2 volumes ether and 1 volume ethanol. For each gram of tissue, 15 ml. of solvent were used. The mixture was then stored at -16°for 24 hours with occasional shaking. It was then filtered, the tissue residue was washed with etherethanol (2:1), and the extract was evaporated under reduced pressure in a rotary flash evaporator below 300 to dryness in a 250-ml., round-bottomed flask. The material so obtained was used at once for assay, or if it was to be stored, it was kept at -160. (b) In the second method a mixture of chloroform and methanol was used for extraction. The tissue was excised from the animal immediately after death and used at once for extraction or for storage at -160. Frozen tissues were never allowed to thaw because this would allow the receptor substance to come in contact with the enzyme which destroys it. Disruption of the cells by ice crystals would allow this to take place if tissue were allowed to thaw even for a short time. The tissue, either fresh or frozen, was placed in 10 volumes of chloroform- The suspension was then filtered and washed with more of the same solvent. The extract was then concentrated under reduced pressure and handled as in method a. Method b gave slightly higher yields of the receptor substance from the same tissues but was more expensive for large-scale operations than was a.
Irrespective of which method was used, great care was taken to insure that the extracts were perfectly clear. If any particles of tissue were allowed to remain in the extract, these caused destruction of the receptor substance when the solvent was removed and water was added for the assay. The enzyme which attacks the receptor substance probably remained in these particles of extracted tissue.
Assay Method.-An amount of extract sufficient to bind 10-20 Mg. of serotonin was used. This came from 5-30 gm. of tissue, depending on the richness of the source. The extracted material was contained in a 250-ml., round-bottomed flask which had contained the extract during the evaporation of the solvent in the extraction step. Benzene (2.5 ml.) and n-butanol (2.5 ml.) were added, and, when most of the fat had dissolved, 4 ml. of low-calcium Ringer's solution containing serotonin (5-hydroxytryptamine creatinine sulfate' 25 /Ag/ml. and CaCl2 5 mg/ml were added. The low-calcium Ringer's solution contained NaCl 9 gm., KCl 420 mg., NaHCO3 500 mg., glucose 500 mg., CaCl2 20 mg., and distilled water 1,000 ml., and was made fresh daily. The mixture of benzene-butanol and aqueous solution was shaken thoroughly, poured into a tube, and centrifuged until the top layer was perfectly clear. It was very important that none of the aqueous phase remained in the top layer, giving it a turbidity, because, since the lower phase was rich in serotonin, any trace of it which might remain in the organic layer would give fictitiously high values in the final estimation.
Four milliliters of the organic phase were removed with a pipette and transferred to a clean 10-ml., glass-stoppered centrifuge tube, containing 5 ml. of 0.2 N HCL.
The tube was then shaken thoroughly and centrifuged until the top layer was perfectly clear. This was discarded, and the aqueous phase was washed with 5 ml. of benzene which was also discarded after centrifugation. The washed acidic aqueous phase now contained the serotonin, which, at physiological pH in the first step, had been rendered soluble in the mixture of butanol and benzene. Shaking of this lipid-soluble complex with aqueous HCl caused it to dissociate, and the serotonin and the calcium chloride were thus carried back into the aqueous phase. The final washing of this aqueous acid phase with benzene was for the purpose of removal of the last traces of fat-soluble tissue constituents.
The HC1 extract was washed into a 250-ml., round-bottomed flask with 2 portions of water, and enough 5 per cent aqueous NaHCO3 solution was added to bring the pH to 6-6.3 (pale green to bromthymol blue used as an outside indicator). The solution was concentrated to dryness under reduced pressure at 300. The residue was dissolved in 9 ml. of water, adjusted to pH 8.0 with NaHCO3 and to 10 ml. This solution was assayed for serotonin by one of two methods. The most useful was a pharmacological method using the isolated uterus of the estrorat.8
The The assay of serotonin by the use of the rat uterus was first described by Erspamer8 and later by Gaddum and Hameed9 and by many others. The modification which we have used differed in some details, the chief of which was the use of a low-calcium Ringer's solution2 at 300. The low calcium and low temperature were important in order to avoid spontaneous contractions of the organ. The uterus was removed from a normal rat treated the day before with estrogen, as described previously.2
Controls.-Controls without added tissue extract were carried through the procedure outlined. This was to test the extractability of serotonin into benzenebutanol without intervention of the receptor substance. In no case was detectable serotonin found in the final extract. The method could detect 0.2-0.4 Mg. of the 100 Mug. added to the extraction system. This negative control was run repeatedly in order to check on the completeness of separation of the phases in the first extraction with benzene-butanol.
Controls were also done which contained the tissue extract but which lacked the serotonin. This was to test whether serotonin was being carried from the tissue to the final solution, i.e., whether the serotonin actually found in the final solution came from the 100 Mug. added at the beginning. In these experiments no detectable serotonin was found. This indicated that serotonin determined in the final solution when an active tissue had been used actually came from the added serotonin and not from the tissue. Such controls were important, because most tissues found to contain receptor substance were known to be rich sources of serotonin.
Units.-A unit of serotonin receptor substance was defined as the amount of material which under the conditions outlined above, would cause 1 Mg. of serotonin11
to appear in the final HCl extract. In other words, a unit was the amount of material which would render approximately 1 Mug. of serotonin soluble in a fat solvent such as butanol-benzene (1:1). Only four-fifths of the butanol-benzene phase was used for the recovery of the complexed serotonin, so that, strictly speaking, 1.25 ,ug. of serotonin were bound by one unit of the receptor substance, but only 1 Ag. (i.e., four-fifths) was extracted into the aqueous HCl. The unit thus took cognizance of the aliquot. Combining Ratios. The amount of serotonin rendered fat-soluble and reextractable into aqueous HCl was proportional to the amount of tissue extract used, within certain limits. Thus a chloroform-methanol extract of hog duodenum was divided into two aliquots, one twice the other. When these were carried through the recommended procedure, the smaller aliquot was found to yield 5 ,ug. of serotonin, and the larger one 10,ug. Similarly, two aliquots of hog colon extract, one twice the other, gave 4 and 1.6,ug. of serotonin, respectively. It was thus clear that in these ranges of concentration the combining ratio of serotonin and tissue constituent was constant. However, with several tissues, aliquots expected to yield only small amounts of serotonin (less than 2 pug.) or large amounts (more than 40 Mg.) frequently gave less than the expected amounts. For this reason the range recommended earlier in this paper (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ,g. of serotonin bound) was adopted.
The reasons for lack of constant combining ratios at low and high levels of the receptor substance were not entirely clear. At high levels one of the reasons was VOL. 44, 1958 1205
the lack of complete extraction of the serotonin-receptor complex. In these cases a second extraction of the aqueous phase with benzene-butanol was found to yield additional serotonin. By restriction of the amount of receptor substance used, multiple extractions were avoided. The low recovery when too small an amount of receptor substance was used was due partly to degradation of serotonin during manipulation of very dilute solutions. A thorough study of combining ratios was postponed until highly purified receptor substance had been isolated. The existing data, however, suggested a stoichiometric reaction between serotonin and receptor substance. Distribution of the Receptor Substance in Animal Tissues.-Several tissues of various species of animals were assayed according to the methods described above, and the results are summarized in Table 1 . Mostly the ether-ethanol extraction was used, but for some tissues both methods were compared, and for some only the chloroform-methanol solvent was used. For hog stomach and hog spinal cord, where both methods were used, it was found that ether-ethanol gave 1.3 units/gm, whereas chloroform-methanol yielded 1.6 units/gm for the stomach. For the spinal cord the values were 1.7 (ethanol-ether) and 4.0 (chloroform-methanol). In general, those tissues which were known to contain much serotonin or to respond readily to itl2 (stomach, intestine, nerve) contained the receptor substance, while those not thus involved with this hormone (voluntary muscle) did not contain detectable amounts. However, the variety of tissues was small, and one would not be surprised to find some exceptions to a generality of this sort if sufficiently large numbers of organs were to be examined. Nevertheless, the correlation, insofar as it went, was noteworthy.
Need for Calcium Ions.-Two equal aliquots of an ether-ethanol extract of rat colon plus cecum, each obtained from 10 gm. of tissue, were carried through the assay procedure. One was treated in the usual way. The second was done in a medium from which all Ca++ had been omitted but which contained all the other constituents. The aliquot containing no Ca++ was found to yield 67 Mug. of serotonin, while the one worked up in the presence of Ca++ yielded 50 Mug.
This experiment failed to give evidence that Ca++ was needed for the formation of the complex. However, the crude tissue extract contained much Ca, so that mere exclusion of added Ca++ was not a sufficient test of whether Ca++ entered into the formation of the complex. The final HCl extract contained Ca++ as well as serotonin, but, since this Ca++ appeared whether or not serotonin had been added to the original mixture, it was not possible to decide whether or not the serotoninreceptor complex required the participation of Ca++. The isolation of purified receptor substance will allow examination of this question.
The working hypothesis does not demand the presence of Ca++ for the formation of the serotonin-receptor complex. The formation of this complex is postulated to take place followed by the union with Ca++ to give a fat-soluble compound for the transportation of Ca++. Neither serotonin alone nor the receptor substance alone thus renders Ca++ fat-soluble and able to be transported in the way pictured. The failure to demonstrate the need for Ca++ in the above experiment, therefore, in no way invalidates the working hypothesis because theory does not demand it and calcium was actually present during the experiment.
Choice of Solvent for the Complex.-In order to find a suitable solvent for the extraction of the complex of serotonin and the receptor substance, aliquots of etherethanol extract of rat colon plus cecum, each derived from 10 gm. of fresh tissue, were carried through the usual procedure except that benzene-butanol was replaced by other solvents. Controls were also run in which the tissue extract was omitted. This was done in order to determine whether the particular solvent would extract free serotonin. Results are shown in Table 2 . It is clear that just any fat solvent 106units/gm if the molecular weight were about 400, or 10' if the molecular weight were about 4,000. Finally, highly purified sphingomyelin showed no detectable activity. From considerations such as these it would seem that sphingomyelin is not the receptor substance. The activity of the partially purified material must have been due to impurities. The small activities found for certain other lipids may likewise have been due to impurities, or they may reflect some resemblance of these substances to the receptor substance.
Purification of the Receptor Substance.-The results of the following purification scheme showed that the serotonin receptor was contained in the phospholipid fraction and that its solubility characteristics were such as to make it seem unlikely that phosphatidyl serine or the inositol-containing phosphatides were the active materials. The possibility that the serotonin receptor substance was lecithin was remote because rich sources of lecithin such as egg yolk (see Table 1 ) were poor sources of the receptor substance.
Fresh hog duodenum (260 gm.) was extracted with choloroform-methanol (2.6 liters) at -16°according to method b above. The extract was evaporated under reduced pressure in a flash evaporator to the creamy stage. Acetone (600 ml.) was added, and the resulting suspension was again evaporated to dryness at 300. Acetone (260 ml.) was added, the precipitate was thoroughly triturated, and the suspension was stored overnight at -160. The precipitate was collected by centrifugation and washed with cold acetone. This precipitate was dissolved in chloroform (50 ml.). aDd methanol (520 ml.) was added. This same fractionation scheme and various modifications of it, using benzene, ethanol, and petroleum ether after the acetone precipitation step, have been tried on four batches of hog duodenum, on three batches of hog stomach, one batch of hog spinal cord, and one batch of hog colon. All these experiments have shown that the receptor substance is precipitated by acetone and that the recovery of units of activity in the various fractions was satisfactory when cold dry solvents were used.
DISCUSSION
The data of this paper show that a, substance can be extracted from certain tissues which will render serotonin soluble in benzene-butanol in the presence of Ca++. The substance itself is soluble in various fat solvents and must therefore be regarded as a lipid. The existence of such a substance would be anticipated if the earlier conclusions of Woolley2 are followed for the mechanism of action of serotonin on smooth muscles. This and the demonstration of the occurrence of the substance in those tissues which respond to serotonin and its absence from some which do not would tend to suggest that it may be a part of the serotonin receptor of cells. However, no satisfying proof of such an idea is yet available. It is merely a plausible working hypothesis which accounts for the facts thus far known.
If, however, we grant that the substance studied in this work is a portion of the serotonin receptor, two possibilities are opened. One is the isolation of this piece of the receptor in chemically pure condition and establishment of its structure, a thing which has not been possible with any hormonal or drug receptor-previously. The other is the possibility of understanding in terms of precise chemical reactions the mode of action of this hormone. It would therefore seem advisable to investigate this substance further. VOL. 44, 1958 BOTANY: W. J. ROBBINS SUMMARY A substance was extracted from stomach, colon, brain, spinal cord, and certain other tissues by the action of cold fat solvents. This substance had the property of making serotonin become soluble in a fat solvent (benzene-butanol) in the presence of Ca++. A method of assay for this substance was described, and its distribution in tissues was studied. The assay depended on the extraction of serotonin into benzene-butanol from aqueous solution in the presence of the substance, the decomposition of the complex so extracted, and the measurement of the amount of serotonin thus liberated. Some reasons were given for entertaining the idea that this substance might be the nonenzymic portion of the serotonin receptors of smooth muscle and nerve.
